Rapid formin-mediated actin-filament elongation is essential for polarized plant cell growth
The PTEN-like domain is followed by a conserved formin homology (FH)1-FH2 domain, known to promote actin polymerization. To determine whether apical localization of any FH1-FH2 domain mediates polarized growth, we performed domain swapping. We found that only the class II FH1-FH2, in combination with the PTEN-like domain, rescues polarized growth, because it cannot be replaced with a similar domain from a For1. We used in vitro polymerization assays to dissect the functional differences between these FH1-FH2 domains. We found that both the FH1 and the FH2 domains from For2 are required to mediate exceptionally rapid rates of actin filament elongation, much faster than any other known formin. Thus, our data demonstrate that rapid rates of actin elongation are critical for driving the formation of apical filamentous actin necessary for polarized growth.
Physcomitrella patens ͉ moss ͉ profilin ͉ tip growth ͉ RNAi F ormin proteins are critical regulators of the actin cytoskeleton that drive cellular processes in all eukaryotes ranging from division and motility to cell polarity, including axonal morphogenesis (1) (2) (3) (4) . The defining features of formins are the formin homology domains (FH1 and FH2) (5) . The FH1 domain is characterized by the presence of polyproline stretches known to interact with the small actin monomer binding protein, profilin (6) . The FH2 domain promotes actin filament nucleation, and is located C-terminal to the FH1 domain (7, 8) . Structural studies reveal that the FH2 domain forms a ring-like structure, which sits at the barbed end of an actin filament (9, 10) . After nucleating a filament, the FH2 domain remains at the fast-growing filament end, and influences elongation rate as it moves processively with this end as additional monomers are incorporated. In vitro, the actin nucleating and elongating characteristics of individual formins can vary quite dramatically (3, 5) . Because complex eukaryotes contain large formin gene families, the in vivo significance of these differences has been difficult to assess.
Plants have been particularly challenging, because most angiosperms contain many formin genes (11) . For example, Arabidopsis thaliana has 21 formins that group into 2 distinct families based on the FH2 domain sequence (12) . We have chosen to investigate formin function in an emerging model plant, the moss Physcomitrella patens. The Physcomitrella genome has recently been sequenced (13) , revealing the presence of 9 formin genes. Eight of these formins group into the 2 angiosperm groups, with 6 in class I and 2 in class II. The final formin gene belongs to a newly identified plant group, class III, which so far has only been found in plants containing flagellate sperm (14) . In this study, we have used a combination of loss-of-function and complementation analyses, together with biochemical characterization, to dissect the role and molecular functions of formins in plants.
Results
Silencing of All Class I Formins (For1) Affects Plant Size, but Not Polarized Growth. Moss For1 form a monophyletic group that can be divided into 3 subgroups based on similarities within their FH2 domains and the presence or absence of certain sequence motifs ( Fig. 1A) (14) . We analyzed formin function using a rapid, transient RNAi assay, in which multiple family members are silenced simultaneously. This silencing is achieved by including sequences from each gene in the inverted repeat RNAi construct (15) . The RNAi assay includes a robust internal control for monitoring the level of silencing (16) .
Briefly, RNAi is performed in a transgenic moss line overexpressing a GFP-␤-glucuronidase (GUS) fusion protein targeted to the nucleus. The RNAi constructs contain inverted repeats of the genes under investigation fused to 400 bp of the GUS coding sequence, resulting in simultaneous silencing of all sequences included in the construct. Within 24 h, high levels of expression of the RNAi construct are obtained, and by 48-72 h, one observes silencing of the nuclear GFP reporter. Selection for the RNAi construct is performed with antibiotics. Transformed 1-week-old plants lacking GFP fluorescence in the nucleus are undergoing active silencing, and are analyzed for a growth phenotype.
One-week old moss plants, regenerated from a single transformed protoplast, develop from polarized tip-growing protonemal cells. To quantify RNAi-induced phenotypes, plant area, as determined by the area of chlorophyll autofluorescence, is used as a direct measure of plant size and correlates with rates of growth. Because control plants are composed of protonemal tissue forming an extended and branched structure, polarized growth can be determined by quantifying plant morphology. Control plants have low circularity, which is a ratio of area to the square of the perimeter. In contrast, plants that lack polarized growth have lost polarized extensions, are more compact and, thus, have a large circularity value. We generated RNAi constructs to silence all members within For1 subgroups, as well as constructs that silence multiple subgroups simultaneously. Interestingly, the growth phenotype varies in severity depending on the subgroup of For1 analyzed, and correlates with the relative expression levels of For1 determined by real-time RT-PCR ( Fig. 1 A-D) . For1A, B, and C, all have a predicted signal peptide and transmembrane domain, and silencing this subgroup has a weak effect on total plant area ( Fig. 1 A-C) . Silenced plants are Ϸ11% smaller than controls. Together, For1A, B, and C account for 4.4% of the expression of all For1 (Fig. 1D ). For1D and E, which account for 14.8% of For1 levels, have a transmembrane domain and participate slightly more in growth, showing a 26% reduction in plant area ( Fig. 1 A-D) . Transformation with a construct that silences all 5 transmembrane domain containing For1 (15.2% of For1 levels) results in an additive growth defect, because 34% of plant area is reduced ( Fig. 1 A-D) . The remaining For1, For1F, has no obvious motifs at the N terminus, and is the most highly expressed For1, accounting for 80.7% of For1 expression ( Fig. 1 A and D) . For1F and For3 were included in the same RNAi construct before the discovery of For3 as an independent group (14) , because its FH2 domain more closely resembles For1. However, the For3 transcript was undetectable in protonemal tissue (Fig. S1 A) . Nevertheless, For3 was included to ensure silencing of all class I-like formins. Expression of the For1F ϩ 3 RNAi construct results in polarized plants 32% smaller than controls ( Fig. 1 A-C) . Because For3 is not expressed, it is likely that silencing of only For1F is responsible for the phenotype. When all 6 For1 are silenced simultaneously, the plants are 46% smaller than controls, and contain less than half the number of cells ( Fig. 1 B and C; Fig. S1B ). Real-time RT-PCR analysis of class I silenced plants shows that all class I transcripts are reduced in expression (Fig. 1D) . Overall, class I silenced plants have a 76% reduction in the total amount of class I transcripts. Although the plants are smaller, they retain highly polarized extensions reflected in their low circularity values (Fig. 1C) . Retention of polarized growth indicates that even on silencing of all For1, tip growing cells maintain the necessary factors required to control cell polarity.
Because silencing of all For1 results in smaller plants with significantly fewer cells, we investigated whether loss of For1 may result in any defects in cell division. In moss, the apical cell grows by tip growth until it reaches a given size, at which point, the cell divides. Thus, smaller plants could result from slower tip growth and/or from a delay in cell division. To distinguish between these possibilities, we measured tip growth rates for individual cells from plants silencing all For1 or control plants. We determined that tip growth rates are indistinguishable between class I silenced and control plants (Fig. S1C) . Therefore, For1 are most likely participating in cell division. The fact that we did not observe obvious defects, such as incomplete cell plates and/or binucleate cells, is not entirely surprising, because in plants, it has been shown that disruption of actin results in a delay in cytokinesis (17) (18) (19) .
For2 Are Essential for Polarized Growth. There are only 2 For2 genes, each containing a phosphatase tensin (PTEN)-like domain located at the N terminus, which has been hypothesized to mediate membrane targeting and subcellular localization (Fig. 1 A) (20) . Simultaneous silencing of both For2, with an 86% reduction of class II transcript levels, results in plants that contain clusters of small rounded cells lacking any polarized extensions ( Fig. 1 B-D) . Class II silenced plants also have fewer cells per plant (Fig. S1B) , which may represent a delay in cell division. This delay is most likely because these cells no longer undergo tip growth, resulting in the inability to reach the appropriate size for cell division. Simultaneous knock down of all formin genes results in lethality, as evidenced by regions in the plants that exhibit a loss of chlorophyll fluorescence (Fig. S1 D) , an indication of senescence.
To determine the role of For1 versus For2 function in organizing actin filaments, we stained for filamentous (F-)actin in plants lacking formin function. Consistent with the observed phenotype that plants lacking For1 are highly polarized and maintain normal tip growth rates, F-actin localization is not dramatically affected in these plants (Fig. 2) . In contrast, silencing of For2 results in significant disruption of F-actin organization (Fig. 2) . Longitudinally oriented, bundles are replaced with an overall randomized orientation of filaments in the body of the cell. We quantified the reduction in longitudinal organization using a Fast Fourier Transform analysis. The elliptical shape of the resulting transform is a measure of orientational order (15, 21) . Cells lacking class II function have a significant reduction in orientational order. However, F-actin does appear to accumulate at one end of the cell, suggesting that a polarizing signal is still present. Plants silencing all formins also have randomized actin organization (Fig. S2) , with no accumulation of actin at one end of the cell, suggesting that these cells lack a polarity cue. Interestingly, these cells still contain F-actin, which could be attributed to the presence of other nucleators of actin polymerization.
Two For2 Isoforms in Moss Are Functionally Redundant. To determine whether the 2 For2 genes, which have similar levels of expression (For 2A, 52%; For 2B, 48%) (Fig. 1D) , have nonoverlapping functions, we made specific RNAi constructs that target the 5Ј UTR of each gene. Loss of either formin gene has no effect on plant size or polarity, demonstrating functional redundancy (Fig. S3 A and B) . However, when 5Ј UTRs from both genes were included in the RNAi construct, the For2 phenotype observed with the coding sequence RNAi construct was recapitulated (Fig. S3 A and B) . Using UTRs to silence genes is a powerful tool, because it enables complementation by coexpression of a construct lacking the UTRs that is insensitive to the RNAi construct (15, 22) . We cotransformed plants with the For2AB-5Ј UTR construct and a cDNA construct containing only the coding sequence of For2A (For2Acds). Increasing amounts of For2Acds exhibited a dosedependent rescue of plant size and polarity ( Fig. 3; Fig. S3C ). However, too much For2Acds was toxic, consistent with previous work showing that overexpression of formin causes growth defects (23, 24). To determine the subcellular localization of For2A, we generated a stable moss line where the For2A locus was modified by homologous recombination. Sequences encoding for 3 tandem GFPs were integrated at the 3Ј end of For2A. Fluorescence from For2A-3XmEGFP was found concentrated at the very apex of growing cells (Fig. 4) . This localization reflects that of a functional protein, because For2A-3XmEGFP rescues the For2 RNAi phenotype (Fig.  S4) . To test whether the PTEN-like domain is sufficient for apical localization, we generated a moss line expressing PTEN-mEGFP. PTEN-mEGFP is also apically localized during growth (Fig. 4) , suggesting that the PTEN-like domain confers apical membrane targeting. However, the PTEN-like or the FH1-FH2 domain is not sufficient for function, because neither domain alone rescues For2 RNAi (Fig. S4) . Unlike recent studies in yeast and animals (25, 26) , these data suggest that a properly localized actin elongating/ nucleating activity is required for full For2 function.
Class II FH1-FH2 Domain Is Critical for For2 Function in Vivo.
We hypothesized that the PTEN-like domain is critical for For2 function, because it determines proper localization to the site of polarized growth. This hypothesis raises the possibility that any formin FH1-FH2 domain may provide nucleating/elongating activity if properly targeted to the site of growth. To test this idea, we generated chimeras containing the N-terminal PTEN-like domain from For2A fused to different combinations of FH1 and FH2 domains stemming from either class I (For1D) or II (For2A) formins (Fig. 5A) . To ensure that the linker regions between the domain junctions are identical, we constructed all of the chimeras and the For2A control (P-2-2) similarly (see Methods).
Strikingly, none of the chimeras fully rescued the For2 RNAi phenotype (Fig. 5 A-C) , suggesting that the combination of the FH1 and FH2 domains from For2A has a unique activity required for polarized growth. The chimeras containing a class I FH2 domain (constructs P-1-1, P-2-1) very weakly rescued the phenotype, regardless of what FH1 domain was present (Fig. 5 B and C) . However, if a class I FH1 domain replaced the class II FH1 domain (construct P-1-2), absolutely no rescue was observed (Fig. 5B ).
For2 FH1-FH2 Domain Mediates Exceptionally Rapid Rates of Actin
Elongation. Our in vivo studies suggest that the class II FH1-FH2 domain combination is essential for formin-mediated polarized growth. This requirement raises the possibility that class I and II FH1-FH2 domains have different activities with respect to actin polymerization. To test this idea, we measured their activities in vitro in the presence of profilin, which interacts with the FH1 domain to drive actin-filament elongation (27, 28) . Moss has 3 profilin isoforms that are 73-86% identical and functionally redundant (15) . We chose profilin A (PRFA) for these studies because it is the most highly expressed isoform in protonemal tissue (15) . Using evanescent wave (total internal reflection; TIRF) microscopy, we determined the rate of elongation of actin filament barbed ends bound to the FH1-FH2 domains arising from the following: For2 (For2A), For1 (For1D), chimeric protein containing For2A FH1 fused to For1D FH2 (Chim2-1), and chimeric protein containing For1D FH1 fused to For2A FH2 (Chim1-2) (Fig. 6) . Rates of actin elongation for formin-bound and free barbed ends were measured for every sample. The rate of For2A-mediated barbedend elongation (at least 115 subunits per second) is faster than any of the other FH1-FH2 combinations tested. On average it is 2.7 times faster than Chim1-2 (43 subunits per second), 5 times faster Table S2 .
than For1D (24 subunits per second), and 19 times faster than Chim2-1 or free actin barbed ends (6 subunits per second) (Fig. 6) .
Formins enhance both elongation and nucleation of actin filaments (7, 8, 27, 28) . The TIRF assay allows us to measure only the rate of actin filament elongation in the presence of moss formins, not to determine their actin nucleation efficiency. To characterize the actin nucleation activities of the FH1-FH2 domains tested in the TIRF assay, we performed a bulk pyrene fluorescence assay. We found that in the presence of moss profilin, the For2A and Chim1-2 are significantly more active than the For1D and Chim2-1 (compare Fig. S5 A and C with Fig. S5 B and D) . The nucleation efficiency, which is indicated by the concentration of filament ends in the bulk experiment (29) , was calculated using the elongation rates measured in the TIRF assays (see Methods; Fig. 6 ). These results indicate that For2A, For1D, and Chim2-1 have similar nucleation efficiencies (Fig. S5E ). Chim1-2 is a better nucleator (Fig. S5E) ; however, its rate of actin elongation is slower than that of For2A (Fig. 6) . Together, these data suggest that the actin elongation activity, not the nucleation activity of the FH1FH2 domains from For2, is more critical for tip growth.
Interestingly, the actin polymerization activity of both For2A and For1D is lower in the presence of human profilin than moss profilin (compare orange and gray curves in Fig. S5 A and B) . This difference suggests that the sequence context of the polyproline tracks is important for proper interaction with profilin. Also, the source of actin may affect to some extent the rates of forminmediated actin elongation.
Discussion
By systematically silencing all formin family members, we demonstrate that For2, not For1, nor For3 are critical for polarized plant cell growth. It was previously suggested that For1 participate in polarized growth of both pollen tubes and root hairs (23, 24, 30) . In contrast, our results do not show a dramatic effect on polarization of cells lacking For1. Because the pollen tube and root hair studies were based on overexpression (23, 24, 30) , it is difficult to compare them with our results. Disruption of additional class I isoforms in seed plants should help clarify this point. The only For1 loss of function phenotype known in Arabidopsis is for AtFH5, which indicates that this protein is important for cytokinesis (31) . Our results in moss are consistent with this observation. We show that plants lacking For1 perform tip growth at the same rate as control plants. Because growth in moss is tightly coupled to cell division, our results demonstrate that silencing of For1 results in cell division delays. However, the precise mechanism of class I function in moss remains to be determined.
Plants lacking For2 are unable to perform polarized growth and have highly disorganized F-actin. This phenotype strongly resembles plants lacking profilin function (15) . Also, profilin containing a lesion in the polyproline binding site is unable to rescue polarized growth or actin localization (15) , indicating that formins must work together with profilin in vivo to generate actin structures at the apex of the cell that promote polarized growth. Interestingly, both For2 and profilin (15) deficient plants appear to retain some form of polarization of F-actin, suggested by the accumulation of a dense network of cortical actin at one end of the cell. This result suggests that a polarizing signal is still transduced to the actin cytoskeleton, either via the Arp2/3 complex, which is known to contribute to polarized growth (32, 33) , or by the For1. Our data supports the latter, because lack of cortical actin polarization in cells lacking all formins suggests that For1 contribute to the polarization signal. However, this contribution is not sufficient to promote actin polymerization required for polarized growth.
Our data demonstrates that rapid actin elongation is required at the cell apex to generate apical actin structures that promote polarized growth. We show that the PTEN-like domain of For2 is tip-localized similar to the localization of full-length For2. Thus, the PTEN-like domain presumably responds to a polarizing signal at the cell tip; the nature of this interaction remains to be determined.
We show that the For2A FH1-FH2 domain allows an exceptionally rapid rate of actin elongation at the barbed ends, at least 2 times faster than mouse Dia1 and Caenorhabditis elegans CYK1, the fastest formins tested so far (34, 35) . Interestingly, this rapid rate of elongation requires both the FH1 and FH2 domains from For2A. Replacement of either domain with the equivalent domains from the slower formin, For1D, reduces the elongation rate. Chim1-2 is 2-3 times slower than For2A, and Chim2-1 no longer facilitates actin elongation, only actin nucleation. This specificity suggests that there is a synergistic actin elongation activity between the FH1 and FH2 domains from a formin of a given class, which is consistent with recent studies demonstrating that profilin isoform specificity is not entirely dependent on the FH1 domain alone (36) .
It is striking that for Chim2-1 the very large FH1 domain from For2A, containing 18 stretches of profilin-binding polyproline tracks, does not appear to modulate the rate of actin elongation. This observation suggests that there is an incompatibility between the FH1 and FH2 domains from For2A and For1D to cooperate to increase the rate of actin elongation, without affecting actin nucleation activity. Chim1-2 has the For1D FH1 domain containing 6 polyproline tracks, 3 times less than the For2A FH1 domain. Interestingly, the elongation rate is 2-3 times slower than For2A, suggesting that for Chim1-2 the FH1 domain from For1D may be contributing to actin elongation and is not entirely incompatible with the For2A FH2 domain. In vivo, P-2-1 and For1D exhibit similarly weak rescue of the For2 RNAi phenotype. Interestingly P-1-2 exhibits no rescue; its FH1FH2 domains mediate faster actin elongation rates than the corresponding FH1FH2 domains of P-2-1 and For1D. However, in vitro, we observed that the FH1FH2 domain of P-1-2 weakly bundles actin filaments (Fig. S6) , a property not observed with any of the other constructs tested. This observation suggests that the lack of complementation could result from increased bundling in addition to slower rates of actin elongation. Together the in vivo complementation studies with the in vitro elongation analyses, we show that only the class II FH1-FH2 combination is capable of fully supporting polarized growth, suggesting that very rapid rates of actin elongation are required to build the apical actin network underlying polarized growth.
This study provides mechanistic insights into the molecular basis of plant cell polarized growth. Using systematic silencing of a large gene family, coupled with in vivo and in vitro functional studies, we demonstrate that plant cells require For2, not For1, to drive tip growth. We also show that For2 are tip-localized and exceptionally rapid actin-elongating factors. This fast polymerization engine must work in concert with profilin (15) to properly organize a dynamic network of elongating actin filaments.
Methods
Tissue Culture and Protoplast Transformation. All moss tissue culture and transformation procedures were as in Vidali et al. (15) . (38) , the protocol is described in detail in Vidali et al. (15) . Quantification of F-actin images was performed as described in Vidali et al. (15) .
High-Resolution Imaging of Growing Moss Cells. Stable lines containing fluorescently tagged constructs were verified by PCR, and were imaged using a Nikon C1 laser scanning confocal (Nikon Instruments). We developed moss culturing and imaging conditions to enable consistent observation of growing cells in the microscope (see SI Methods).
TIRF Fluorescence Microscopy.
Time course of alexa-532 (or 568)-actin polymerization was observed on an Olympus IX-71 inverted microscope equipped with a 60ϫ, 1.45 NA Planapo objective (Olympus), and modify according to Amann and Pollard (39) . The time course of actin polymerization was acquired at 10-s time intervals with a Hamamatsu ORCA-ER camera (Hamamatsu Photonics) with metamorph version 6.2r6 (Universal Imaging Media).
Actin Nucleation Assay. Actin nucleation was performed essentially as described by Higgs et al. (29) . Actin-profilin complexes (10% pyrene labeled) were polymerized at room temperature in the presence or absence of formins by the addition of 1/10 volume of 10ϫ KMEI. The polymerization was followed using a Xenius SAFAS (Sfas).
Actin Filament Elongation/Nucleation Data Analysis. Elongation rates were determined by measuring filament lengths with metamorph during actin filament elongation in the TIRF assay. Rates were converted from micrometers per second to subunits per second by using 370 actin monomers per micrometer. We calculated the concentration of barbed ends according to Higgs et al. (29) , using the rate of subunit addition at the barbed ends determined by TIRF microscopy.
